Objective: Limb salvage in pediatric patients remains a challenge. We describe a staged strategy. The procedure includes: (i) tumor removal and non-hinged static endoprosthesis reconstruction; (ii) leg length discrepancy (LLD) correction by shoe lift or distraction osteogenesis; and (iii) maturity reconstruction by regular endoprosthesis. The aim of the study was to investigate the results of non-hinged static megaprosthesis reconstruction and staged LLD correction in the treatment of malignant tumors in the distal femur in children.
Introduction
T he distal end of the femur is the most common site for primary malignant tumors of bone in children, with osteosarcoma being the most common. The choice of limb salvage procedure depends on the location and extent of the tumor, psychosocial considerations, and the age of the patient. Endoprosthetic and biological reconstruction are two major types of limb salvage surgeries. There is additional challenge in the bony reconstruction in children, due to their continuing growth. The potential for further limb growth is affected when tumor removal necessitates resection of one or more growth plates. Because the epiphysis of both sides of the knee joint account for more than two-thirds of longitudinal lower limb growth, resection of osteosarcoma around the knee in skeletally immature patients presents unique reconstructive challenges. Maintaining equal limb lengths at the completion of the growth period is the desired result. Surgical options for such patients include amputation, rotationplasty, hemiarthroplasty with fixed-length endoprosthesis, invasive or non-invasive extendible megaprosthesis, and distraction osteogenesis. However, the optimal choice for young patients remains controversial.
Among biological reconstruction methods, allograft, vascularized graft (or combined with allograft), and devitalization and re-implantation of tumor bone are often used. Both free and vascularized fibular grafts are commonly used in the reconstruction of bone defects after tumor resection in children. The fibula provides well-perfused bone and the capability of osteogenesis, but it often lacks the structural strength of allografts for lower limb reconstruction. To achieve adequate strength early after surgery, a vascularized fibular graft has been used in combination with a large structural allograft to reconstruct the bony defects. Stress fractures and nonunion are two major complications after fibular reconstruction. Another autograft option is to use the diseased bone after devitalization. The patients' own tumorbearing bone is sterilized by irradiation, microwave, pasteurization, or autoclave; however, this technique is useful only for diaphysis or for flat bones in children.
Non-biological reconstruction using a prosthesis has the advantages of allowing early weight-bearing and having predictable function and low risks of early complications. An expandable endoprosthesis can be lengthened as the child grows, similar to the standard endoprosthetic reconstruction. It allows immediate weight-bearing with early rehabilitation and return to function. The design of expandable endoprostheses has significantly evolved over the past 30 years. In the past, all the lengthening mechanisms required a formal surgical procedure, which resulted in a high incidence of infection. The younger the child, the more operations were needed not only for lengthening but also for management of complications such as stiffness, infection, wear, and loosening. Expandable metallic endoprosthesis can achieve meaningful growth, resulting in little to no limb-length discrepancy (LLD) for skeletally immature patients by the end of their growth. However, the high complication rate is not comparable with that associated with a static prosthesis. An average of 3.2 complications per patient has been reported in extendible prostheses 1 . Besides the high complication rate, 8%-50% of patients who receive an extendible prosthesis do not undergo a lengthening procedure due to tumor relapse [2] [3] [4] [5] . The cost of non-invasive expandable endoprostheses has been reported to be as high as US$379 000 in 4-year-old patients 6 . Considering complication rates and the high cost of an extendible endoprosthesis, some authors advocate temporary hemiarthroplasty and staged lengthening, with advantages including the simple technique and the low cost 7, 8 . At the authors' institution, hemiarthroplasty with fixed length megaprosthesis has been used for pediatric limb salvage with preservation of growth plates in the adjacent bone ( Fig. 1A) . In our patients, staged distraction osteogenesis was performed when LLD reached 4 cm and above. Due to loss of major ligaments of the knee joint in hemiarthroplasty, instability or dislocation were the most common complications after hemiarthroplasty reconstruction even when the children had adequate adaption ability. To improve the stability of the knee joint, the constrained condylar knee (CCK) design was introduced ( Fig. 1B-D) . The CCK prosthesis is usually used in situations requiring the use of increased constrained in total knee arthroplasty. A sliding prosthetic stem design was used across the remaining open physis, also with the purpose of decreasing stress at the bone-implant interface 3,9 . We therefore asked the following questions: i) Can the non-hinged distal femoral endoprosthesis provide a stable knee joint? ii) To what extent of growth potential can the adjacent open physis be preserved? iii) What is the functional outcome and complication rate after nonhinged distal femoral endoprosthesis reconstruction?
Overall, the aim of the current study was to investigate the results of static non-hinged megaprosthesis reconstruction and staged LLD correction by shoe lift or distraction osteogenesis in the treatment of malignant tumors in the distal femur in children. 
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Materials and Methods
Patients
We retrospectively reviewed a consecutive series of 15 skeletally immature patients with osteosarcoma in distal femurs reconstructed by non-hinged endoprostheses following tumor resection between May 2010 and May 2015. Use of the endoprostheses was approved by the hospital's institutional review board, and informed consent was obtained from patients' parents. There were seven boys and five girls included in the study, with an average age of 10.1 years (range, 8-12 years) at the time of diagnosis ( Table 1 ). All the lesions were located in the distal femur.
Inclusion and Exclusion Criteria
The inclusion criteria were: (i) patient aged between 8 and 13 years old with expected LLD ≥3 cm; (ii) stage IIB malignant bone tumor; (iii) the patients underwent the nonhinged distal femoral endoprosthesis reconstruction after tumor resection; (iv) postoperative follow-up for at least 2 years, with clinical and radiological assessments performed; and (v) retrospective study. The exclusion criteria were: (i) patients with distal metastasis at diagnosis; (ii) pathological fracture presented at initial diagnosis; (iii) incomplete medical records and radiographic data; and (iv) lost to follow-up.
Treatment Strategy
Treatment included preoperative chemotherapy, surgery, and postoperative chemotherapy. Our strategy for pediatric patients is composed of three stages: tumor control period, LLD period, and skeletal maturity period ( Fig. 2 ).
For the tumor control period, a non-hinged static megaprosthesis was initially used to reconstruct bone defects after tumor resection. The mean resection length was 17.6 cm (range, 12.5-21 cm) in the 12 patients. Based on Paley's multiplier tables 10 , the potential for residual growth and predicted LLD was 3.2-13.2 cm at the time of primary tumor resection surgery. As patients grew, we recommended an insole or shoe lift to correct LLD of 2 cm or more. After a follow-up of 2-3 years of relapsefree survival, the focus of treatment shifted from tumor local control to LLD correction. An OrthoFix uniaxial external fixator was used to correct LLD during this period. In stage 3, the endoprosthesis was converted to an adult-type rotating hinged (regular) tumor prosthesis once skeletal maturity was reached or the non-hinged endoprosthesis was kept for use after discussing with the patients.
Implant Design Rationale
The prosthesis consists of a femoral component, including fixed length of segmental defect body and cemented stem, and a tibial component, with a design of a non-hinged base plate, small-diameter press-fit stem, and derotation fins. A posterior stabilizing polyethylene component is fixed on the tibial component (Fig. 3) . Anchorage of the tibial component requires penetration of adjacent uninvolved bone, through the growth plate by an intramedullary stem with a smooth surface which prevents bone on growth which might cause growth plate arrest. The anchorage stem has a diameter of 8, 9 or 10 mm, with a length of 10 mm.
Surgical Technique
During preparation of the tibia, care was taken to remove only the tibial eminence, preserving tibia plateau cartilage, physis, and its blood supply through the ring of LaCroix, which might also prevent the tibia component from sinking.
Then tibial canal was opened using a 6-mm awl, followed by minimal reaming and tibia component fixation. In nine patients, reconstruction was performed allowing 1 cm longer than the actual defect to compensate contralateral growth potential. An artificial ligament was used as previously reported 11 to provide extra stability for the knee joint. Postoperatively, a long-leg splint with 10 knee flexion was used for 6-8 weeks to stabilize the soft-tissues.
Oncological Outcome
Survival status was evaluated according to both local and distant tumor control. The patients were evaluated at 3-month intervals by chest CT and X-rays of the operative site. Clinical and radiological assessments were performed at each visit to determine local recurrence or distal metastasis.
Musculoskeletal Tumor Society 93
Functional outcomes were evaluated using the Musculoskeletal Tumor Society (MSTS) 93 scoring system for the lower extremity. This system includes numerical values from 0 to 5 points assigned to each of the following six categories: pain, level of activity and restriction, emotional acceptance, use of orthopaedic supports, walking ability, and gait. The final MSTS score is calculated as a percentage of the maximum possible score; the higher the percentage, the better the functional outcome. The range of motion of the knee joint was used to describe the active range of knee flexion and extension postoperative periods. In addition, knee stability was recorded by drawer test.
Leg-Length Discrepancy
The LLD is the difference in the length of one leg compared to the other. Regular radiography of bilateral lower limbs at 3-month intervals was used to measure LLD and the growth of the ipsilateral tibia. The cases were prospectively followed up for growth of adjacent uninvolved bone in the salvaged limb and LLD. A shoe lift or distraction osteogenesis plan was made based on the LLD.
Complications
The clinical complications, such as infection, aseptic loosening, dislocation, and deformity, were recorded. Oncological failure was not recorded as a complication.
Statistical Analysis SPSS Statistics 20.0 software (IBM SPSS, Chicago, IL, USA) was used for the statistical analyses. The descriptive statistics were used to determine ranges, means, and standard deviations. A P-value <0.05 was considered significant.
Results
Oncological Outcome
The mean follow-up time for all patients was 76.3 months (range, 24-139 months). All living patients were followed for longer than 2 years. Ten patients were alive at the follow-up. Lung metastasis occurred in three patients and two of them died of the disease. Two lung metastases occurred before limb lengthening (case 8 and case 10). One patient with parosteal osteosarcoma presented with local recurrence during the follow-up period. Resection of recurrent tumors was performed and rotating hinged endoprosthesis was used to replace the primary reconstruction and the patient was alive without disease. 
Leg-Length Discrepancy After Surgery
At the time of primary surgery, expected LLD was 6.7 cm (range, 3.0-13.2 cm). Of the 12 patients, 9 had 1 cm longer reconstruction during the initial procedure. No transient nerve palsy occurred. At the final follow-up, 9 patients reached skeletal maturity (from case 1 to case 9) and the actual LLD at the femur was 5.3 cm (range, 3.0-10.1 cm), excluding 1 cm correction at the initial surgery by endoprosthesis. The observed LLD was 88.5% (range, 62.5%-100%) of the predicted value. Growth at the proximal tibia physis after surgery was observed in all the patients during follow-up, with an average of 86.7% (range, 56.5%-100%) growth of the contralateral proximal tibial physis. At the last follow-up, nine (75%) of the patients exhibited tibia length shortening. The mean reduction in tibia length was 1.2 cm (range, 0.5-4.7 cm).
Staged Lengthening
Six patients underwent distraction osteogenesis limb lengthening ( Fig. 4 ) at a mean length of 5.4 cm (range, 3.0-9.1 cm). The average rate of elongation per day was 1 mm and the average external fixation index of the six patients was 2.2 months/cm. In six cases, shoe lift was used to correct mild LLD ranging from 2.0 to 3.5 cm. Two patients received distal femoral rotating hinged knee replacement before limb lengthening because of resection of local recurrence (case 3) and recurrent dislocation (case 4) during follow up of tumor control period.
Functional Outcome
Range of knee movement was between 85 and 125 , with an average of 102.5 . The average functional results of patients alive was 80.6 (range, 60-90) according to MSTS 93. Among them, 5 patients with limb-length inequality of 2 cm or less had an average MSTS score of 82.7 (range, 73.3-90), whereas five patients with a discrepancy greater than 2 cm had a score of 79.2 (range, 60-90). No knee instability was found during the last follow-up.
Complications
Two patients developed angular deformity at the proximal tibia. Progressive stem valgus developed in one patient (case 2); however, the patient declined to receive tibia component exchange to an adult-type stem and deformity correction at skeletal maturity. Radiographs revealed no evidence of loosening of tibia stems. On the femoral side, distinct stressshielding was observed in five patients with pencil-tip shaped cortical bone atrophy at the host bone-prosthesis junction. One pin site infection occurred during limb lengthening by external fixation and was treated conservatively.
Discussion
L imb salvage in skeletally immature children is challenging, with the greatest difficulty associated with resection of the open physis 3,4,12 . Sacrifice of major growth plates during resection and fixed-length reconstruction of a limb in a skeletally immature child with osteosarcoma usually result in significant limb-length inequality as growth progress. Surgical options have shifted from amputation to limb salvage. Reconstruction strategies for this specific population include rotationplasty, megaprosthesis implantation with expandable mechanism or fixed length, allograft, and staged distraction osteogenesis [12] [13] [14] [15] [16] [17] . Rotationplasty and expandable endoprosthesis have been successfully used to treat skeletally immature patients with osteosarcoma of the distal femur. Anticipating the remaining growth potential is essential for decision-making for treatment plans, as is age, prognosis, treatment features, and patient expectations 13 .
The optimal reconstruction choice in skeletally immature patients with malignant bone tumors around metaphysis remains controversial. The vast majority of the published data are derived from small case series with pool data from a wide range of ages across anatomical sites. To address LLD following limb salvage surgery, expandable prostheses have been developed 4, 5, 18 . However, besides the high complication rate, up to 50% of patients who have expandable prosthesis reconstruction do not undergo further lengthening procedures due to oncological failures or overestimation of expected LLD 7, 12, 16, 19 . In addition, small degrees of LLD up to 2.2 cm can be well compensated by mechanism of pelvic obliquity 20 , and the children usually have a normal gait.
Considering the factors mentioned above, a staged limb salvage strategy was proposed at the authors' institution. The procedure includes limb salvage with static megaprosthesis and staged LLD correction. Distraction osteogenesis is only performed for patients with a minimum of 2 years of recurrence-free survival because the recurrence risk significantly decreased after this period of time. During the first 2 years after tumor removal surgery, shoe lift was the first choice for LLD correction. However, the distraction was usually performed at the tibia side, which resulted in a higher knee level compared with that of the contralateral side. Before year 2010, hemiarthroplasty was routinely used to preserve the ipsilateral uninvolved proximal tibia growth plate at the authors' institution. Due to loss of the main ligaments of the knee, stability was jeopardized and compensated by scar tissue and high adaptability in children 21 . To improve the stability of hemiarthroplasty in limb salvage for skeletally immature patients, a tibial component was introduced. The design of a CCK along with a thin polished stem was used. Most extendable tumor prostheses for children had a polished, press-fit stem passing through the central portion of the uninvolved adjacent physis 4, 5, 9, 22 . Neel et al. 22 reported that the stem did not result in growth retardation or arrest in a series of six patients. However, another study found that 65% of the immature patients experienced less proximal tibia growth in the operative limb 23 . In the current study, an average of 86.7% growth potential preservation of the proximal tibial physis was observed. Only three (25%) patients had exactly the same length of longitudinal growth in the salvaged limb compared with that of the contralateral side.
Increasing constraint in TKA typically involves a thicker and wider post on the polyethylene insert that conforms more intimately to the femoral box. This creates increased constraint in the varus-valgus coronal plane as well as more rotational constraint. Recurrent dislocation occurred in patient number 4 and the reconstruction was revised to a rotating hinged distal femoral prosthesis. Usually, a 1-cm longer reconstruction was performed to compensate partial LLD afterward and this also facilitated immediate postoperative mobilization and avoided problems such as ischemia or nerve palsies due to overstretching of the soft tissue.
Chung et al. 7 reported a similar principal staged limb salvage approach. A synthetic device was reconstructed for the bone defect, followed by soft-tissue distraction using an external device. A regular endoprosthesis was used when skeletal maturity was reached. Subluxation occurred in 20% of the patients and 12% of the hemiarthroplasties experienced failure. Subluxation occurred in one patient in the current series because of the CCK design of the prosthesis, which showed adequate stability of the reconstruction. In another study reported from the same group 14 , resection arthrodesis was used for the first stage but may have a negative influence on functional results over an endoprosthesis due to the prolonged arthrodesis period. The non-hinged endoprosthesis used in the current study can provide both stable and functional reconstruction during the first stage.
A high complication rate of the extendable prosthesis has been highlighted in some studies 1, 2, 6, 12, 15, 19, 24 . An average 50% revision rate is reported for non-invasive expandable endoprostheses 25, 26 . In light of the high cost of expandable endoprostheses and only half of patients actually undergoing lengthening 14 in expandable prosthesis reconstruction, the non-hinged static megaprostheis and staged LLD correction described here present an alternative option for skeletally immature patients.
